.-The growth of equine abortion virus (EAV) was studied by bioassay and electron microscopy in L-cell monolayer and suspension cultures, and in HeLa and BHK 21/13 cell monolayers. Results of virus assay (plaque-forming units) indicated that production of cell-associated virus (CAV) began at 6 to 9 hr after infection in all of the cell strains used. Virus release occurred 1 to 2 hr later. By 15 to 20 hr after infection, the amount of released virus (RV) equaled or surpassed that of CAV in all cells other than the HeLa cells, where the amount of RV did not equal CAV until 48 hr after infection. Electron microscopy of infected cells revealed no differences in the morphology of virus development in any of the cells used. Developing virus particles were first detected in cell nuclei at 9 hr after infection. At 12 hr, virus particles could be seen budding from the inner nuclear envelope. Budding into cytoplasmic vacuoles was not seen. Budding virus, virus in cytoplasmic vacuoles, and extracellular virus were all approximately 145 m,u in diameter, and were indistinguishable morphologically. These results indicated that EAV is quite similar to herpes simplex virus with respect to growth and morphology, and that the inner nuclear membrane is the principal site of virus envelopment.
Reports of the morphological development of herpes simplex virus have been reconstructions based primarily on sections taken late in the infection (8, 16 ). The present study was undertaken to determine the sequence of events, particularly during the early part of the logarithmicgrowth phase, of a similar herpesvirus. This was equine abortion virus (EAV), which has also been called equine herpesvirus I (19) or equine rhinopneumonitis virus (4) .
The sequential development of EAV was examined by use of bioassay and electron microscopy in L-cell monolayer and suspension cultures. HeLa and baby hamster kidney (BHK 21/13) cells were also used to ascertain whether the host cell played a significant role in the pattern of virus development. The results of these investigations provide information about EAV synthesis and envelopment, and establish it as a group A herpesvirus (14) . 1 Present address: Department of Microbiology, University of New Mexico Medical School, Albu- querque.
MATERIALS AND METHODS
The L cell-adapted Kentucky D strain of EAV (20) was used. Virus in plaque suspension isolated from an L-cell monolayer was used as seed to prepare stock virus.
Cells. Three continuous cell lines were used. LM mouse fibroblast cells were grown in suspension in yeast extract-lactalbumin hydrolysate medium (YELP) with added Methocel (13) , and as monolayers in 90% YELP and 10% calf serum. Monolayer cultures of HeLa (11) and BHK 21/13 (25) Fig. 1A and B, respectively. In monolayer cultures (Fig. 1A) , the initial increase in both CAV and RV occurred between 6 and 9 hr after infection. The titer of RV equaled that of CAV at about 15 hr, and both titers continued to rise throughout the course of the experiment (48 hr). In suspension cultures (Fig.  IB) , the initial rise of CAV also occurred between 6 and 9 hr after infection. However, the rise in titer of RV was not seen until 9 to 12 hr after infection. As in monolayer cultures, RV equaled CAV at 15 hr, and continued to rise until about 36 hr. CAV reached its peak titer by 12 hr and did not increase thereafter. The growth curve of EAV in suspension cultures of L cells (Fig. 1B) demonstrates the usefulness of such a system. It was possible to obtain very low background levels of input virus, so that the sequence of virus synthesis and release was more clearly delineated. At No morphological evidence of virus infection was seen at 6 hr, but, at 9 hr, developing virus could be seen within the cell nuclei (Fig. 2) . The predominant form consisted of two concentric rings. At later time intervals, the inner ring apparently condenses into the nucleoid, resulting in a particle with a nucleoid and a single membrane. Another form seen in the nucleus had a single limiting membrane with a cross-shaped electron-lucent area in the center (Fig. 3) . The inner portion of these particles may also condense into nucleoids (Fig. 4) . Virus synthesis did not appear to be confined to any specific area of the nucleus. Developing particles were dispersed throughout and had no predilection for sites near the marginated chromatin. The developing particles measured from 85 to 90 m,i in diameter.
At 12 hr after infection, virus could be seen budding from the inner nuclear membrane (Fig.  5) . The envelope formed around the particles was clearly a continuation of the membrane which pinched off and thus maintained the integrity of the nuclear envelope. This budding process was the only method of egress from the nucleus observed. At this time virus could also be seen in vacuoles which appeared to communicate with the perinuclear cisterna ( Fig. 6 and 7 , arrows), and extracellularly. Fine fibrillar projections could be seen on the outer surface of the particle both as it budded from the nuclear envelope (Fig. 5) , and as it was observed in the cytoplasm (Fig. 6) , and outside the cell (Fig. 8) . Virus particles from all of these locations were 135 to 145 m,u in diameter. There appeared to be no increment in size once the virus was released from the nuclear membrane. The nuclear budding The precise mechanism by which the virus left the cell could not be determined. Occasionally virus could be seen in indentations in the cytoplasmic membrane (Fig. 8, arrow) of budding into cytoplasmic vacuoles could be the nucleoplasm. The inclusion was made up of found.
scattered developing virus and irregular coarse At 24 to 48 hr after infection, there was an filaments. occasional appearance of small crystals of virus DSUSO within the nucleus (Fig. 9) . The inclusion area DSUSO (arrows) was also well delineated at these later
The evidence for inclusion of EAV as a herpestimes (Fig. 9) . This consisted of an irregular virus is now quite firm. It contains deoxyriboarea, somewhat less dense than the remainder of nucleic acid with 56% guanine plus cytosine on November 13, 2017 by guest http://jb.asm.org/ Downloaded from DARLINGTON AND JAMES (3, 23) , and has the characteristic enveloped nucleocapsid structure as shown by Plummer and Waterson (19) . It also has an antigenic relationship, by complement-fixation test, to herpes simplex (18) . Because of its wide host range and lack of infectivity for humans, it provides an excellent model system for investigation of this group of viruses.
Examination of the growth curves reveals that EAV falls into subgroup A (14) of the herpesviruses, of which herpes simplex is an example. The viruses of this group are readily released from the cell in contrast with group B herpesviruses (14) , which remain largely cellassociated.
No attempt was made to examine the attachment and penetration stages of EAV-cell interaction in this study. Previous observations (Darlington, unpublished observations) have shown that this process is in no way different from that seen in herpes simplex virus infections (12) .
This present study has shown that the morphological development as observed by electron microscopy correlates well with the development of PFU. The initial appearance of virus in the nucleus occurred at the same time as the rise in cell-associated infectivity, and the detection of extracellular virus was concurrent with the rise in PFU titer of released virus.
Virus synthesis occurs diffusely throughout the nucleus, and these observations suggest that the initial particle is a double-ringed form of which the inner ring condenses to form the nucleoid of mature particles. The cross-shaped form is probably a variant which also matures by condensation of the inner component into the nucleoid. This latter form has been reported in EAV-infected hamster liver (1) and in swine kidney cells infected with EAV (61). Virus particles appear to migrate to the nuclear membrane after they are synthesized.
The most interesting observation was the envelopment of virus at the nuclear envelope. This has been reported for herpes zoster and cytomegalovirus in tissue culture (2) These difficulties were eliminated by the sequential study which demonstrated several facts regarding the envelopment process. (i) The envelopment and release of virus occurs within the same time period; (ii) there is no size increment in virus from the budding process at the nuclear membrane to extracellular virus; and (iii) in many sections there is continuity between the perinuclear cisternae and cytoplasmic vacuoles. These findings show that budding from the inner nuclear envelope is the principal method for envelopment and that once this has occurred the virus is, in effect, outside the cell. Continuity of the perinuclear cisterna with the cisternae of the endoplasmic reticulum and of these cisternae with the cytoplasmic membrane has been reported (17) . The available evidence suggests that once outside the nucleus the virus does not traverse another membrane system. As has been pointed out by others (10) and as we have observed, the continuity of the endoplasmic reticulum with the cytoplasmic membrane is rare, if indeed it does exist. These findings do not preclude other methods of virus envelopment but suggest that envelopment at the nuclear membrane is the principal one.
